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Introduction
The simple fact that the sexes produce gametes of different sizes (anisogamy) has extensive consequences and may even dictate differences in how males and females age. Because males produce vastly more sperm than females produce eggs, each male has the capacity to father many more offspring than any single female can produce (Bateman 1948) . This results in male fitness being limited predominately by fertilization opportunities and causes males to compete intensely over access to females (Trivers 1972) . Hence, females rarely experience a shortage of potential mates but are instead limited primarily by resources for production of eggs and offspring (Bateman 1948) . Anisogamy therefore often results in selection for males and females to employ different reproductive strategies to maximize fitness, which sets the stage for evolution of sex differences in a range of traits, including life histories (Schärer et al. 2012) .
One life-history trait that is often observed to differ between the sexes is life span (Promislow 2003; Bonduriansky et al. 2008; Maklakov and Lummaa 2013; Austad and Fischer 2016) . In general, it is females that outlive males (Comfort 1979; Trivers 1985; Finch 1990; Promislow 1992) , but the opposite also occurs Liker and Székely 2005) . Sexual selection is thought to be the main driver behind this pattern Maklakov and Lummaa 2013) , although alternative explanations exist (Trivers 1985; Frank and Hurst 1996; Camus et al. 2012 ). Sexual selection is primarily thought to cause sex differences in life span because in many species males benefit from engaging in activities aimed at attaining access to females that are also associated with risk of injury or death (e.g., territorial fights or display behaviors that attract predators ; Williams 1957; Bonduriansky et al. 2008) . However, sex differences in life span could also result from sex-specific selection on allocation of limited resources into current reproduction and somatic maintenance. This trade-off has also been suggested to explain much of the variation in aging that we observe in nature (Kirkwood 1977; Kirkwood and Rose 1991; Lemaître et al. 2015) , and sexual selection could therefore cause sex differences not only in life span but also in actuarial and reproductive aging (Promislow 2003; Bonduriansky et al. 2008; Maklakov and Lummaa 2013) . Trivers (1972) offered a conceptual model to explain why sexual selection should often cause sex differences in mortality, and this model can be extended to address sex differences in aging. The model concerns how investment in reproductive effort relates to both current reproductive success and the diminution of future reproductive success, where allocation into reproductive effort is optimized when the net gain in reproductive success is maximized. Trivers casts the diminution of future reproductive success in terms of mortality, but since resources invested in reproductive effort will dictate those remaining for somatic maintenance, the cost can equally be thought of in terms of elevated actuarial or reproductive aging. Trivers's point is that males should generally show higher investment into reproductive effort than females and thus experience shorter life span/ faster aging. This is because male reproductive success is highly dependent on the reproductive effort of other males and because males have the potential for very high reproductive success (but see Kokko and Jennions 2008 for a more general discussion of potential outcomes). Males thus compete over a large potential reward, which requires a high investment in reproductive effort to get a share of (see also Vinogradov 1998) .
Notably, Trivers's prediction that sexual selection should result in shorter male life span and by extension faster aging can be reversed. If males accumulate resources or experience with age, which can be translated into high reproductive success only later in life, sexual selection should favor slower male aging than female aging (Graves 2007; Bonduriansky et al. 2008) . A combination of the two scenarios is also possible, where males need to accumulate resources over time and enter the mating pool later than females, after which they rapidly invest their resources in competition over females and become the faster-aging sex. Empirical studies that have compared male and female rates of aging mostly show faster male rates, but examples of the opposite also exist (Mysterud et al. 2001; Clutton-Brock and Isvaran 2007; Toïgo et al. 2007; Reed et al. 2008; Nussey et al. 2009; Zajitschek et al. 2009; Dugdale et al. 2011; Archer et al. 2012; Lehtovaara et al. 2013; Beirne et al. 2015; Hayward et al. 2015) .
If sexual selection on allocation of resources is a major driver of differences in male and female rates of aging, male and female aging should probably react differently when resource availability is varied (Kokko 2001; Hooper et al. 2018) . Predicting which sex will change more when resources are varied over a certain range is difficult, however, without detailed information on the shape of the (supposedly nonlinear) functions that relate reproductive effort to current reproductive success and diminution of future reproductive success in each sex. Resource availability can be manipulated through individual condition, defined as the pool of resources that an individual has accessible for investment into growth, reproductive effort, and somatic maintenance (Rowe and Houle 1996; Hill 2011) . A number of studies have indeed shown that condition influences aging. Most of these have focused on only one sex (Bérubé et al. 1999; Bonduriansky and Brassil 2005; Nussey et al. 2006 Nussey et al. , 2007 Judge et al. 2008; Lee et al. 2008; Adler et al. 2016; Hooper et al. 2017) , but a few, limited to two species of crickets, have looked at both sexes simultaneously (Hunt et al. 2004; Maklakov et al. 2009; Zajitschek et al. 2009 Zajitschek et al. , 2012 Houslay et al. 2015) . In all these studies, variation in condition has primarily been varied through the environmental quality experienced by individuals. Environmental quality during the juvenile and adult stages is an important source of variation in condition, but since male and female condition may be optimized under different environmental conditions (e.g., nutrient intake; Lee et al. 2008; Maklakov et al. 2008) , interpreting sex-specific changes in aging after nutrient manipulation may be complicated. Condition is also a function of genetic quality (Rowe and Houle 1996; Hill 2011; Bonduriansky et al. 2015) , but rates of aging as a function of genetic quality are little explored. While some small parts of the genome may be sex limited in effect, manipulations of genetic quality that span a large part of the genome and that are averaged across numerous genotypes should render the reduction in condition effectively the same in each sex.
To address whether differences in male and female rates of reproductive aging and life span plausibly result from sexual selection in Drosophila melanogaster, we measured the effect of genetic quality on these traits. Drosophila melanogaster males do not invest in any exaggerated ornaments but compete intensely over matings and allocate substantial time and effort to locating and vigorously courting females. Drosophila melanogaster therefore serves as a model for species under sexual selection. We induce variation in genetic quality by generating matched autosomal inbred and outbred lines. Inbreeding is an excellent way to manipulate condition through genetic quality (Cotton et al. 2004; Tomkins et al. 2004; Bellamy et al. 2014) , since the expression of many recessive, mildly deleterious mutations will collectively contribute to reducing an organism's ability to sequester resources throughout all life stages. By exclusively inbreeding an autosome, we avoid potential sex-specific effects generated by inbreeding the X chromosome only in females. We show that inbreeding reduces condition similarly in the sexes, as measured through reduced egg-to-adult viability, and that male reproductive output is more sensitive to alteration of condition than that of females. Condition had different effects on male and female reproductive aging, with high-condition females aging slower than low-condition females, while reproductive aging was the same in highand low-condition males. Life span declined with low condition but to a similar degree in each sex. Collectively, our results are consistent with the hypothesis that sexual selection is an important factor shaping sex differences in reproductive aging in D. melanogaster.
Material and Methods

Study Population
Our experiments used flies from a laboratory-adapted population of Drosophila melanogaster known as Dahomey, named after the location in West Africa (now Benin) where it was collected in 1970. Since that point it has been maintained in the laboratory as a large outbred population, housed in population cages with overlapping generations and under constant conditions (12L∶12D light cycle, 257C, 60% relative humidity, and a standard yeast/sugar-based food medium), which we maintained during our experiments. The overlapping generation protocol used in Dahomey makes it well suited to the study of reproductive aging because selection is free to act on reproduction throughout life, rather than being confined to a narrow early-life window as typically occurs in lab populations reared on a discrete generation cycle. All data collected within this study have been deposited in the Dryad Digital Repository: https://doi.org/10.5061/dryad.5089j74 (Brengdahl et al. 2018b ).
Creation of Chromosome Homozygote Lines
The genome of D. melanogaster is made up of the sex chromosomes (X and Y), the two major autosomes (A2 and A3), and the "dot" autosome (A4), which comprises !1% of the coding genome. To manipulate genetic quality and by extension condition, we created inbred lines that were completely homozygous for A2, comprising ∼35% of the genome (D. melanogaster genome Release 6). These lines were created using an A2 balancer chromosome, which suppresses recombination with its homologue, in concert with the natural absence of recombination in D. melanogaster males. We used this technique to sample focal A2 chromosomes from the Dahomey population at random, which we then amplified and expressed in the heterozygous (outbred) or homozygous (inbred) state in a genetic background randomly sampled from Dahomey.
Here we briefly describe the creation of our A2 inbred lines; see figure S1B in Brengdahl et al. (2018a) for more detail. We began by randomly sampling 44 males from a recently made replica of the Dahomey population that had a marked A2 balancer (CyO, Duox Cy , cn 2 , dpy lvl , pr 1 ) backcrossed into it and maintained in a heterozygous state. These males were mated singly to groups of five virgin females that were heterozygous for the dominant A2 marker Kr If-1 in an otherwise variable Dahomey background. From each cross involving a single male we collected sons carrying the Kr If-1 marker but not the balancer; these therefore all carried the focal Dahomey A2. We mated these sons in groups to virgin females that were heterozygous for the balancer in a variable Dahomey background. Due to the lack of recombination in male D. melanogaster, the focal A2 does not recombine with the marked homologue, so any offspring from this cross that do not express Kr If-1 carry the intact focal A2. We collected sons and virgin daughters that all carried both the focal A2 and the balancer and crossed them together to generate males and females that had fixed the focal A2. Ten of these 44 initial A2 inbred lines were sterile or inviable in the homozygous state and were lost. We randomly selected 15 of the remaining lines to use in our experiments and maintained them in four vials of 16 pairs to preserve genetic variation elsewhere in the genome.
Egg-to-Adult Viability Assay
To confirm that inbreeding of A2 produced the expected reduction in condition due to reduced genetic quality, we tested for a drop in egg-to-adult viability in our inbred lines. Viability acts as a good proxy for condition that is comparable between the sexes, as it is a highly polygenic lifehistory trait with a genetic architecture that is largely shared between the sexes (Chippindale et al. 2001 ) and is known to decrease when condition is reduced through genetic or environmental quality (Bonduriansky et al. 2015) . When measuring egg-to-adult viability, we used inbred females from each line to produce both inbred and outbred eggs to avoid conflating the direct genetic effect of inbreeding on condition with any maternal effects. Consequently, we did not control for paternal effects, which do exist in D. melanogaster (e.g., Friberg et al. 2011) but are considered as less important in general. To standardize any environmental impact, we collected these females as virgins after two generations of culture at a controlled density of 120 eggs per vial.
When producing eggs for the viability measurement from each line, 50 virgin females were combined with 25 males from the same line to generate inbred offspring, while another 50 virgin females were combined with 25 randomly selected Dahomey males to generate outbred offspring ( fig. 1 ). Each group mated for 5 days in the presence of ad lib. live yeast to stimulate oviposition. We collected experimental eggs in four blocks on successive days; the eggs collected in each block were all laid in a 2-3-h window on a small petri dish of food medium. For each line, we separately collected 90 inbred and 90 outbred eggs per block, and each group was placed in a separate vial along with 90 eggs from a competitor population homozygous for a recessive phenotypic marker conferring dark body coloration (ebony, introgressed into the Dahomey background). Egg-to-adult viability was scored 12 days after oviposition by counting all successfully eclosed focal and competitor adults.
Lifetime Reproductive Output Assay
To assess how genetic quality and by extension condition influences adult life span and patterns of reproduction with age in males and females, we simultaneously measured mortality and reproductive output in a competitive environment. For each line we measured the life span of 30 inbred and 30 outbred individuals of each sex, and the same individuals were used to measure reproductive output over their lifetimes. Experimental individuals were produced using a crossing scheme similar to the egg-to-adult viability assay ( fig. 1) . In this instance, 80 virgin females from each line were mated to 80 males from the same line across four vials to generate experimental inbred males and females, while another 80 virgin females were mated to 80 random Dahomey males in parallel to generate matched outbred males and females. After females oviposited, all adults were discarded and egg densities standardized to 120 eggs per vial. We used a lower number of eggs here to reduce competition over resources among larvae; using a less resource-limited environment limits any relative phenotypic benefit that inbred larvae could accrue from decreased competition due to reduced viability in inbred lines. If they do accrue any benefit, it would make our estimates of the impact of inbreeding conservative.
We collected experimental flies 10 days after oviposition under light CO 2 anesthesia and split the 30 flies per line, sex, and inbreeding treatment (genetic quality) into two vials of 15. Two days later, we added 15 same-sex and 30 oppositesex competitors from the ebony-marked population described above to each vial. These competitors were collected 11 days after oviposition and were replaced weekly with a new set of 11-day-old flies under light CO 2 anesthesia. We applied this protocol since flies in a stable overlapping-generation population will not simply cohabit with same-aged flies throughout life. Measures of life span and age-specific reproductive output using competitors of a standardized age was thus done in a social context that closely matched the one that flies in the base population normally experience.
All experimental flies were transferred to fresh vials four times a week. At each transfer we scored mortality and removed dead flies. Transfers were done without anesthesia except when we replaced competitors. Once a week we saved the vials between two transfers (∼18 h apart). Offspring emerging from these vials were used to assess reproductive output of males and females at that age. Since egg densities varied between vials and ages, we manually adjusted the number of eggs per vial downward after laying to limit overcrowding when necessary. After 12 days, we counted the number of wild-type and ebony flies that had eclosed in these vials. Since ebony is a recessive marker, offspring fathered (mothered) by focal males (females) could be distinguished from those produced by competitor males (females). Reproductive output of focal individuals was estimated relative to competitors in the same vial. The first measurement of reproductive output took place on day 4 of the experiment and thereafter occurred every seventh day for 9 weeks.
Statistical Analysis
All statistical analyses were carried out using the R statistical environment (R Core Team 2017). The effect of genetic quality (GQ) on egg-to-adult viability and therefore condition was modeled using a generalized linear mixed-effect model with a binomial error distribution and logit link function in the package lme4 (Bates et al. 2017 ) with the syntax viability e sex#GQ 1 (1jline) 1 (1jline:sex)
where the response was the proportion of focal adults to marked competitor adults eclosed. Sex and genetic quality, as well as their interaction, were modeled as fixed effects, while line and its interactions with sex and genetic quality were modeled as random effects. Additionally, we tested a Black rectangles are used to represent a focal A2 chromosome, while white rectangles are chromosome copies sampled from the Dahomey base population and vary randomly between individuals. Focal males and females inbred or outbred for A2 (bottom row, left and right pair, respectively) were both produced using the inbred female genotype as a dam, so inbred and outbred flies in each matched pair experienced similar maternal effects. Outbred focal flies were produced by mating the inbred females to random Dahomey males, while inbred flies were produced by mating the inbred females to males carrying the same cloned A2 chromosome copy (top row).
model including block as a random effect accounting for variation between days that the experiment was replicated over, but this term did not improve the model fit based on Akaike's information criterion and was therefore omitted from the final model. Tests for significance of the main effects and their interactions were carried out using type III Wald x 2 from the package car and function Anova (Fox and Weisberg 2011).
To reduce potential problems associated with selective deaths when interpreting the effect of genetic quality on reproductive output, we restricted our analysis of reproductive output to the first 5 weeks. By week 5 no more than 13% of focal flies had died in any combination of line and sex (apart from line 1 where 40% of inbred females had died), while this number was already up to 27% in week 6 (and 50% of inbred females from line 1). However, including week 6 in the models of reproductive output did not qualitatively change our conclusions.
To model the degree of inbreeding depression (ID) in reproductive output, we first standardized reproductive output (SRO). This was accomplished by dividing the number of focal offspring by the number of focal parents producing them (15 in most cases but somewhat fewer in later weeks) and then dividing that quotient by the number of competitor offspring per competitor parent, as follows: SRO p number of adult focal offspring=number of focal parents number of adult competitor offspring=number of competitor parents :
ID was calculated separately for each sex, line, and week of age (using the mean SRO of the two vials in each aforementioned combination) as follows:
The effects of sex and age on ID were then modeled using a linear mixed-effect model in the package lme4 (Bates et al. 2015) with the syntax ID e sex#age 1 (1jline) 1 (1jline:sex) 1 (1jline:age),
where sex, age, and their interaction were modeled as fixed effects and line and its interactions were modeled as random effects. Age was treated as a factor rather than a covariate to enable pairwise contrasts between the sexes at each of the five measurement ages. No three-way interaction of line, sex, and age was included in the model since there was no replication at the level of the interaction. Tests for the significance of main effects and interactions were carried out using type III Wald F-tests from the package car and function Anova (Fox and Weisberg 2011). To perform multiple comparisons of means, we used the package lsmeans and function lsmeans, with pairwise contrasts and the Kenward-Roger approximation of degrees of freedom (Lenth 2016) .
To test whether GQ and sex affected the rate of reproductive aging, we used a generalized linear mixed-effect model with a Poisson error distribution and log link function fit using Bayesian Hamiltonian Markov chain Monte Carlo in the package rstanarm (Gabry and Goodrich 2018) . We used weakly informative, normally distributed priors for both the intercept (mean p 0, SD p 10) and the coefficients (mean p 0, SD p 2:5), with autoscaling for the coefficient priors. We ran four chains with 2,000 iterations each and discarded the first 1,000 as warm-up, after which chain convergence was evaluated using the Gelman-Rubin potential scale reduction factor. This model had the syntax reproductive output e sex#GQ#age 1 offset(focal) 1 offset(competitor) 1 (1jline) 1 (1jvial) 1 (1jline : sex) 1 (1jline : GQ) 1 (1jline: age) 1 (1jline : sex:GQ) 1 (1jline: sex : age) 1 (1jline : GQ : age) 1 (1jline: sex :
where the response was the number of adult focal offspring. Sex, GQ, and age, as well as their interactions, were treated as fixed effects (where age is a covariate). Line and its interactions were modeled as random effects. Vial was modeled as a random effect nested within sex, treatment, and line. Offset terms were included to standardize the count data by the log-transformed number of focal parents and the logtransformed offspring-parent competitor ratio. Posterior distributions of the rate of reproductive aging were calculated for each sex/GQ group from the relevant posterior distributions of the model coefficients. The presence of reproductive aging was determined by testing the posterior distribution of the rate of reproductive aging against zero, while comparisons of reproductive aging between groups were made by first calculating the posterior distribution of the difference between the relevant rates and then testing that difference against zero. We report the equivalent to a two-tailed P value for these tests, calculated as two times the proportion of samples in a posterior distribution that was smaller/ greater than zero, whichever was smaller. Life span was analyzed using a mixed-effect Cox proportional hazard model in the package coxme (Therneau 2018) with the syntax life span e sex#GQ 1 (1jline) 1 (1jvial),
where sex, GQ, and their interaction were modeled as fixed effects and line and vial were modeled as random effects, with vial nested within sex, genetic quality, and line. We tested for significance of main effects and interactions using type III Wald x 2 from the package car and function Anova (Fox and Weisberg 2011). 
Results
Effect of Inbreeding on Viability
Inbreeding (genetic quality) had a significant negative effect on egg-to-adult viability, while sex did not influence it (genetic quality: x 2 p 7:27, df p 1, P p :007; sex: x 2 p 0:265, df p 1, P p :607; eq. [1]), with the reduced viability suffered by inbred individuals indicating that they are indeed in lower condition. The decline (grand mean5SE) was 8.2% 5 2.7% for males and 6.8% 5 2.8% for females. There was no significant interaction between sex and genetic quality, indicating that inbreeding influenced viability of males and females similarly (x 2 p 0:138, df p 1, P p :710; eq.
[1]). These results show that the reduction in genetic quality through inbreeding produced a similar decrease in viability and by extension condition in both sexes.
Inbreeding Depression of Reproductive Output
There was a significant interaction between the impact of sex and age on ID of reproductive output (F 4, 56:0 p 6:95, P ! :001; eq. [4]; fig. 2 ), indicating that the difference in ID between the sexes changed with age. The main effects of sex and age both significantly impacted ID as well (sex: F 1, 69:9 p 12:6, P ! :001; week: F 4, 112 p 5:83, P ! :001; eq. [4]; fig. 2 ). Pairwise contrasts for each week of age revealed significant differences in ID between the sexes for week 1 (t p 23:55, df p 69:9, P ! :001), week 2 (t p 22:43, df p 69:9, P p :018), and week 4 (t p 3:02, df p 69:9, P p :004) but not for week 3 (t p 21:49, df p 69:9, P p :141) and week 5 (t p 0:62, df p 69:9, P p :536). Female reproductive output showed no ID in week 1, but ID gradually increased over subsequent weeks ( fig. 2) . Male reproductive output showed ID from week 1 onward, with the exception of week 4 ( fig. 2 ). For an unknown reason, the estimate of male ID for week 4 showed a large departure from the other weeks and was also associated with a much larger error than for the other weeks (see fig. 2 ). We therefore excluded week 4 data in subsequent analyses for both sexes (but note that including the week 4 data in the subsequent analysis yielded qualitatively similar results).
Effect of Genetic Quality on Male and Female Reproductive Aging
After confirming that significant reproductive aging occurred in all four sex/GQ groups (all P ! :001; eq.
[5]), we explicitly tested for (i) different rates of reproductive aging between the sexes separated by high and low GQ and (ii) different rates of reproductive aging due to GQ separately in males and females. In high GQ, the rate of reproductive aging differed between the sexes, with females aging slower than males (P ! :001; eq.
[5]), whereas in low GQ the rate of aging did not differ between the sexes (P p :212; eq.
[5]). In females, GQ had a significant effect on the rate of aging, with flies in high GQ aging slower than low-GQ flies (P ! :001; eq.
[5]). In males, GQ had no effect on the rate of aging (P p :377; eq.
[5]). All results from this section are illustrated in figure 3 .
Effect of Genetic Quality on Male and Female Life Span
Life span was dependent on both sex (x 2 p 73:2, df p 1, P ! :001; eq. [6]) and GQ (x 2 p 29:4, df p 1, P ! :001; eq. [6]), with males living longer than females and high-GQ flies living longer than low-GQ flies (fig. 4) . There was, however, no significant interaction between sex and GQ (x 2 p 0:510, df p 1, P p :475; eq. [6]), indicating that reduced GQ had a similarly negative effect on both sexes.
Discussion
Males and females are often selected to employ different reproductive strategies to maximize fitness, and these have been suggested to involve sex-specific allocation of available resources into reproduction and somatic maintenance (e.g., Trivers 1972; Bonduriansky et al. 2008) . Since investment into somatic maintenance is predicted to influence an individual's future reproduction and survival (Kirkwood and Holliday 1979) , sexual selection could hence generate sex differences in life span and reproductive aging. Here we test this hypothesis by varying condition, and thus the pool of accessible resources, through genetic quality. Our manipulation of genetic quality had a similar effect on condition in both sexes, as measured through egg-to-adult viability. Condition in its turn had a large influence on male reproductive output but did not change their rate of reproductive aging. In contrast, condition had a smaller general effect on reproductive output in females, but high-condition females aged slower than both low-condition females and males in either condition. These sex-specific responses of reproductive aging to condition are consistent with sex differences in reproductive aging being generated by sexual selection. The sex-specific change in reproductive aging was not mirrored for life span, for which low-condition individuals of both sexes showed a similar reduction. Below we discuss our results in more detail.
In our experiment, we replaced male and female competitor flies on a weekly basis. This mimics conditions in populations with overlapping generations such as the one we study, where flies are exposed to a constant demographic structure throughout life. Replacement also made it possible to take a standardized weekly measure of reproductive output, from which we could estimate the rate of reproductive aging. Although replacement of competitor flies was identical for both sexes, males produced fewer offspring than did females on average, something that is not possible in sexually reproducing species under natural conditions. The reason behind this occurrence in our experiment is probably because during the replacement of competitor females housed with focal males the new females added had already mated with competitor males. This effectively gave the competitor males a head start in the competition over fertilization opportunities and likely explains the higher fraction of offspring sired by competitor males even though both competitor and focal males could subsequently compete for access to females on equal footing. Focal females, in contrast, had already mated when competitor females were replaced, leaving focal and competitor females on equal footing throughout. Our fre-A B Figure 3 : A, Standardized reproductive output (SRO) of males and females of low genetic quality (LGQ) and high genetic quality (HGQ), where a score of 1 indicates reproductive performance equal to standardized competitors. The horizontal lines in the boxplots represent medians, the boxes themselves encompass 25th to 75th percentiles, and whiskers extend up to 1.5 times the interquartile range. Boxplots of SRO from week 4 (which was excluded from the primary analysis) are rendered without colored fill. Regression lines are derived from the parameter estimates from generalized linear mixed models of reproductive output. B, Log-transformed regression lines (from A) to visualize differences in the rate of reproductive aging between groups on a linear scale.
Figure 4: Proportion of male and female flies of low genetic quality (LGQ) and high genetic quality (HGQ) surviving to a given day of age. For each sex and genetic quality combination, the survival of 450 focal flies was followed in total, summing over the 15 lines used in the assay.
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This content downloaded from 130.236.083.247 on March 22, 2019 08:57:58 AM quent replacement of competitor flies also likely explains why females had a shorter average life span than males in our experiments. In previous studies of our study population, we and others (e.g., Magwere et al. 2004; Lehtovaara et al. 2013; Griffin et al. 2016; Duxbury et al. 2017 ) have found that females outlive males. The degree of exposure to males does, however, have a large impact on survival of Drosophila melanogaster females (Partridge et al. 1987; Friberg 2005; Lehtovaara et al. 2013; Zajitschek et al. 2013) , and the fact that we replaced competitors more frequently than in any of the aforementioned studies therefore probably caused the shorter female life span.
To be able to directly compare how altering condition changes the rate of aging in males versus females, it is important that condition itself is altered to the same extent in both sexes. When we compared male and female reproductive output in early life, when the majority of reproduction takes place, the reduction in relative reproductive output between high-and low-condition treatments was considerably larger in males than in females. This may at first appear as if our manipulation of genetic quality had a larger influence on condition in males. Instead, we attribute this larger difference in males to them experiencing stronger sexual selection-a compelling argument, as this effect is believed to be behind the stronger selection against deleterious mutations commonly observed in males compared to females (Whitlock and Agrawal 2009; Sharp and Agrawal 2013; Grieshop et al. 2016 ; but see Allen et al. 2017; Prokop et al. 2017 ). An alternative explanation for this pattern is that D. melanogaster males have more sex-limited transcripts than do females overall, as the testes are particularly enriched for sex-limited gene expression (Graveley et al. 2011) . Inbred males may thus express more deleterious mutations than females, but given that their effect should primarily be limited to the function of the testis and male ejaculate, they probably have a negligible effect on male condition. When we instead measure how genetic quality influences condition through egg-to-adult viability, a trait for which males and females have a common genetic architecture (Chippindale et al. 2001; and on which sexual selection does not act, we see a similar effect on both males and females. Given that our manipulation of genetic quality had a similar effect on condition in both sexes, we can thus compare how condition changes male and female reproductive aging on the same scale.
Males showed faster reproductive aging than females in high condition. This result is consistent with a scenario where males invest more into reproductive effort and less into somatic maintenance compared to females. If this was the case, males should also show faster physiological deterioration than females. The pace of whole-organism physiological deterioration is difficult to assess, but one promising index for flies is the speed with which they climb up culture vials when disturbed (Gargano et al. 2005 ). We did not undertake such an assay here, but note that males lived longer than females in our experiments, which speaks against faster male physiological deterioration than female physiological deterioration. As discussed above, however, the fact that females were constantly exposed to harassment from young vigorous males probably generated large sex differences in mortality rate, especially when flies became old and fragile. This may thus have reversed the expected relationship in life span based on intrinsic physiological deterioration.
Faster reproductive aging in males than in females can also occur in the absence of faster male physiological deterioration, if physiological status (which generally declines with age) has a steeper relationship with reproductive success in males compared to females (Nussey et al. 2009 ). In other words, male reproductive success could be more sensitive to the same unit of physiological change than female reproductive success. This is expected to occur when competition between males over access to females results in stronger overall selection on male vigor than female vigor. Our results suggest that this pattern of selection, as discussed above, and the faster male reproductive aging we observe in highcondition individuals could therefore be at least partly explained by this mechanism. Faster male reproductive aging due to faster physiological deterioration or faster exclusion from the mating pool are both compatible with a scenario where sex differences in aging are caused by sexual selection but differ in the sense that the former influences the phenotypes of males and females while the latter merely alters male and female reproductive schedules differently according to condition. These two hypotheses are not mutually exclusive, and further experiments are needed to evaluate their relative contribution to faster male reproductive aging.
In contrast to the difference in reproductive aging for males and females in high condition, no sex difference in reproductive aging was observed in low condition. This change in the relative rate of aging between the sexes was caused by faster reproductive aging of low-condition females, while lowcondition males displayed the same rate of reproductive aging as high-condition males. These results may indicate that lowcondition males have nothing to gain from investing relatively less than high-condition males into reproductive effort, because this strategy would effectively exclude them from the mating pool at all times. High-condition females may on the other hand gain more from increased investment into somatic maintenance, since female fitness is primarily resource limited. Allocating an extra energy unit into reducing reproductive aging may therefore pay off more than investing it into current reproduction, which is also supported by some theory (e.g., Ellers et al. 2000; Rosenheim et al. 2008; Berger et al. 2012) . The fact that reproductive aging reacts differently in males and females when condition is manipulated is consistent with the idea that males and females trade off resources differently and that this difference in turn results from sexual selection on allocation patterns in the evolutionary past.
In contrast to our finding that reproductive aging changed differently with condition in males and females, our manipulation of condition had an almost identical effect on male and female life span. A possible explanation is that reproduction and life span are at least partly disconnected (reviewed in Partridge et al. 2005) . While the general evolutionary theory of aging suggests that all traits should age in concert, several studies comparing the rate of aging of different phenotypes have concluded that this is not necessarily the case (Nussey et al. 2009; Cornwallis et al. 2014) . It is conceivable that the rates of reproductive and actuarial aging respond more similarly to condition in each sex despite the mismatch between reproductive aging and life span; our study was not designed to directly estimate actuarial aging at the line level. Despite finding results consistent with sexual selection shaping sex differences in resource allocation to either reproduction or somatic maintenance, we thus find no evidence that this in turn drives sex differences in life span.
Since we did not directly manipulate the strength of sexual selection in these experiments, we can only infer that the sex differences in reproductive aging we observe between high-and low-condition individuals are the result of sexual selection. Apart from sexual selection, asymmetrical inheritance of cytoplasmic genomes (Frank and Hurst 1996; Gemmell et al. 2004 ) and unconditional expression of recessive deleterious mutations in the heterogametic sex (the unguarded-X hypothesis; Trivers 1985) have also been suggested as drivers of sex differences in life span and by extension aging . There is support for mitochondria playing a role in aging (e.g., Maklakov et al. 2006; Dowling et al. 2009 ) and also for mutations in the mitochondrial genome having male-biased deleterious effects on life span (Camus et al. 2012) . However, it is difficult to imagine how these effects could mediate female-specific responses in reproductive aging when condition is altered, especially here where we controlled for maternal effects. No support for the unguarded-X hypothesis was found in the most direct test of this hypothesis yet (Brengdahl et al. 2018a ), but more indirect tests have found patterns consistent with this possibility (Pipoly et al. 2015; Carazo et al. 2016; Sultanova et al. 2018) . In any case, it also seems difficult to construct a scenario where X-linked recessive mutations could cause a response in female but not male reproductive aging when condition is altered. We therefore conclude that the most plausible explanation for the sex-specific change in reproductive aging we observe in response to condition is past sexual selection on allocation patterns.
Our method of manipulating genetic quality and condition through inbreeding of an autosome has been used previously in aging research but from a different perspective. The mutation accumulation (MA) theory of aging predicts that aging is caused by late-acting (recessive) deleterious mutations and thus predicts elevated inbreeding depression at late ages (Charlesworth and Hughes 1996) . Studies testing this hypothesis by comparing outbred and inbred individuals have in general found support for elevated inbreeding with age in D. melanogaster (e.g., Charlesworth and Hughes 1996; Hughes et al. 2002; Snoke and Promislow 2003; Reynolds et al. 2007 ). However, using inbreeding depression to evaluate the MA theory of aging ignores that the many recessive deleterious mutations that already have an effect early in life will influence the efficiency with which individuals acquire and metabolize resources (i.e., condition). This will in turn reduce what resources can be invested into somatic maintenance. It is thus likely that the effect of these early-acting deleterious mutations, which have nothing to do with aging under an MA scenario, determines the performance of individuals during late life and obscures the impact of any late-life acting mutations (for a similar argument, see Hughes and Reynolds 2005) . The fact that we see a clear difference between the sexes in the response to inbreeding with age in this experiment, with a substantial effect on females and none on males, supports the view that inbreeding has a much larger influence on aging through condition than through expression of late-acting mutations. For the recessive deleterious late-acting mutations predicted by MA to explain this result, such mutations would have to be exclusively female limited in their effects, which seems highly implausible.
In summary, we conclude that sexual selection on resourceallocation patterns has plausibly contributed to sex differences in the rate of reproductive aging in our study population. Our data provide no support for the faster male-to-female aging rate we observe in high-condition individuals being driven by high-condition males investing extra resources primarily into current reproduction but instead suggest that faster male reproductive aging in high condition is explained by females primarily investing extra resources into somatic maintenance.
